Historically, the main barrier to membrane protein investigations has been the tendency of membrane proteins to aggregate (due to their hydrophobic nature), in aqueous solution as well as on surfaces. The introduction of biomembrane mimetics has since stimulated momentum in the field. One such mimetic, the nanodisc (ND) system, has proved to be an exceptional system for solubilizing membrane proteins. Herein, we critically evaluate the advantages and imperfections of employing nanodiscs in biophysical and biochemical studies. Specifically, we examine the techniques that have been modified to study membrane proteins in nanodiscs. Techniques discussed here include fluorescence microscopy, solution-state/solid-state nuclear magnetic resonance, electron microscopy, small-angle X-ray scattering, and several mass spectroscopy methods. Newer techniques such as SPR, charge-sensitive optical detection, and scintillation proximity assays are also reviewed. Lastly, we cover how nanodiscs are advancing nanotechnology through nanoplasmonic biosensing, lipoprotein-nanoplatelets, and sortase-mediated labeling of nanodiscs.
Introduction to nanodisc technology
Membrane proteins are a vital component of cells. Until recently, membrane proteins were not studied as extensively as cytosolic proteins. This is due to the propensity of membrane proteins to aggregate outside a membrane environment during their isolation from membranes using detergents. Therefore, in recent years, several lipid membrane mimics [1] [2] [3] were developed in order to facilitate interrogation of membrane proteins by rigorous biophysical and analytical techniques. In 2002, Sligar and coworkers at the University of Illinois at Urbana-Champaign developed a new technology termed as nanodiscs [4] based on previous experimentation with ApoA1 and synthetic phospholipids [5] . Nanodiscs are a form of modified high-density lipoprotein (HDL) particle that is used to solubilize membrane protein and are essentially small nanoscale lipid bilayers that allow for the solubilization of membrane protein in a uniform, membrane-mimicking environment. Nanodiscs have several advantages over other types of lipid bilayer-mimicking technologies, including their homogeneity, control of membrane protein oligomeric state, and long-term stability as has been discussed extensively in previous reviews [6, 7] .
The formation of nanodiscs involves the incubation of detergent-solubilized phospholipids, target membrane protein, and membrane scaffold protein (MSP) in a stoichiometric-dependent manner. The controlled ratio of these constituents is critical for proper nanodisc (ND) assembly and has been described and reviewed previously [4, 8, 9] . Furthermore, the diameter of the assembled nanodiscs is dependent upon the length of the MSP that is used. As such, there are various constructs of MSP that can be exploited to augment the size of the nanodiscs to fit the type of membrane protein system that is integrated. The two common constructs utilized for constructing nanodiscs are MSP1D1 and MSP1E3D1 [10] . MSP1D1 is used to form smaller nanodiscs with a diameter of~9.7 nm, whereas MSP1E3D1 results in larger nanodiscs with a diameter of~12.9 nm [10] . Additionally, less conventional constructs have been introduced that result in even larger nanodiscs with a diameter of 16-17 nm [11] . By utilizing a carefully controlled ratio of the aforementioned constituents, the self-assembly of homogeneous nanodiscs can be initiated upon detergent removal. After the nanodiscs are assembled, size exclusion chromatography is typically utilized to separate the membrane protein nanodiscs from aggregate nanodiscs and other remnants of the assembly mixture. The homogenous peak consists of the membrane protein-nanodiscs that are collected and used for further biochemical studies [4, 8, 9] . Further purity can be achieved by subjecting the nanodiscs to IMAC before SEC. By using IMAC to separate nanodiscs containing His-tagged protein, SEC can be used solely to select for size. By capitalizing on its homogeneity, ND technology has already been used to study a variety of membrane proteins (Fig. 1, Table 1 ). ND size can be further fine-tuned through covalent circularization. Nasr and colleagues added consensus sequences to ApoA1-based variants of specific lengths, then covalently linked the variant ends using Sortase A. [12] This resulted in more thermally stable nanodiscs in discrete sizes ranging from 8.5 to 80 nm. By capitalizing on its homogeneity, ND technology has already been used to study a variety of membrane proteins (Fig. 1, Table 1 ).
Historically, ND reviews have summarized the formation of nanodiscs, their structure, as well as the effect of nanodiscs on protein function [8, 13, 14] . More recently, reviews have individually covered techniques that have been combined with ND technology, such as nuclear magnetic resonance (NMR) [15] . To date, mass spectrometry (MS) procedures, fluorescencebased techniques, and electron microscopy (EM) protocols have been modified to study membrane proteins in nanodiscs. Additionally, nanodiscs have recently been gaining prominence in interdisciplinary studies bridging the gap between engineering techniques and membrane protein study. Herein, we will highlight the various biophysical techniques that have been combined with nanodiscs for membrane protein interrogation from 2012 to 2017 focusing on fluorescence spectroscopy, solution-state and solid-state NMR, EM, small-angle X-ray scattering, various forms of MS, surface plasmon resonance (SPR), charge-sensitive optical detection (CSOD), scintillation proximity assays (SPA), nanoplasmonic biosensing, lipoproteinnanoplatelets (L-NPLs), and sortase-mediated labeling of nanodiscs.
Biophysical studies of membrane proteins in nanodiscs
Preparation of cell-free, large-scale bacterial and mammalian protein nanodisc library for molecular screening Membrane protein stabilization in nanodiscs has been largely been used for overexpressed purified proteins (Table 1) which allows the interrogation of the protein in an isolated, controlled system without external interfering factors. However, it may lead to the loss of key protein-protein and protein-lipid interactions that might be critical for its function. In order to keep some of these interactions intact, ND technology has been recently extended to form libraries of membrane proteins in nanodiscs where the membrane proteins were directly captured from the membrane environment of the cellular membranes. A schematic outlining the assembly of a ND library can be seen in Fig. 2 . Membrane protein ND libraries have been prepared from membranes of simple organisms such as Escherichia coli as well as for complex mammalian membrane systems such as synapses and cancer cells [16] [17] [18] . The formation of ND library systems allows for protein-protein interactions to be captured leading to the identification of interactomes while removing the need for protein overexpression and complicated purification procedures of the individual membrane proteins. Furthermore, it allows the capture of poorly expressed proteins that cannot be overexpressed in cell lines without expansive optimization.
The first report of a ND library was established from E. coli membrane proteins by Marty et al. [17] . The authors optimize the ND lipid to MSP ratios for a library system and quantitate the incorporation efficiency to be 85% by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS/PAGE) gels. Ultimately, several proteins comprising the major bands on the SDS/PAGE gel were identified by MS. However, bacteria are simple organisms that display much less complexity in their membrane protein composition, and are specifically lacking complex proteins . Schematic of selected proteins that have been incorporated into nanodiscs. In this figure and throughout this manuscript the color scheme is as follows. MSP: dark blue, Lipids: cyan, Phosphorous: Orange. The protein colors vary throughout. All renderings were performed using VMD. VMD is developed with NIH support by the Theoretical and Computational Biophysics group at the Beckman Institute, University of Illinois at Urbana-Champaign. The PDB files used here are the following: TRPV1 (5IRZ), Na Radioassays, substrate incubation assay [199] like G protein-coupled receptors (GPCRs) that are highly unstable in solution and are key targets for the pharmaceutical industry. A further advance in the ND library system was the incorporation of the synaptosomal membrane proteome in nanodiscs by Wilcox et al. [18] . In this work, the authors hypothesized that the ND platform can be utilized to identify the binding sites for Alzheimer'sassociated Ab oligomers. By incorporating the synaptosomal membrane proteins directly into nanodiscs, the authors exhibited binding of Ab oligomers to proteins in the ND. Furthermore, they were able to screen small-molecule inhibitors in a high-throughput assay, thereby providing a cell-free system for screening of drug molecules to a membrane protein library created from synaptosomes. More recently, advances toward ND library systems include the incorporation of human osteosarcoma cell membrane proteins into nanodiscs by Roy et al. [16] . This work represents an extensive characterization of the ND-incorporated proteome by high-throughput peptide-fingerprinting MS. This technique identified not only the specific protein species that were incorporated it also provided a semiquantitative amount of the proteins that were incorporated. By analysis of these data, the authors showed that changing the lipid composition could preferentially incorporate specific classes of membrane proteins. Notably, the zwitterionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipids that are typically used for ND formation, also utilized for the E. coli and synaptosomal ND libraries, did not incorporate the majority of proteins that are known to interact with anionic lipids. Tuning the lipid composition to include 20% anionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) provided a more faithful replication of the initial membrane mixture. Furthermore, nanodiscs with three distinct lipids-POPC (72%), POPS (20%) and cholesterol (8%)-were prepared, and were most closely mimicking the plasma membrane lipid composition. However, this ND mixture, while incorporating all major protein classes, showed preferential incorporation of GPCRs indicating possible favorable interactions of GPCRs with cholesterol. Finally, the authors exhibited retention of functional activity of the incorporated proteome by measuring Na + /K + ATPase activity and receptor tyrosine kinase activity [19] .
Another recent advance has been made by Mak and colleagues, with the insertion of membrane proteins from various human cell lines such as human embryonic kidney 293 (HEK-293) cells, as well as freshly isolated human red blood cells and platelets. Interestingly, the authors eschewed traditional membrane isolation steps and generated the nanodiscs directly from cellular membrane lipids [20] . Wholecell lysate was combined with MSP1E3D1 and supplementary 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (PEG-PE), then incubated with BioBeads to initiate ND assembly. This allowed the authors to achieve a higher percentage of membrane protein incorporation, while simultaneously retaining a native-like membrane environment [20] . After purification, ND formation was verified via EM, while protein incorporation was confirmed by western blot [20] . Taken together, these studies show that it is possible to create a large library of membrane proteins directly from membranes and use the library to screen for small molecule binding studies that can aid in drug development. The studies also indicate the existence of specific lipid-protein interactions that help in enriching certain classes of proteins in nanodiscs with different lipid compositions. Protein-protein interactions in nanodiscs and the challenge of conformational flip-flop:
Nanodiscs can serve as an excellent technique to capture protein complexes and study protein-protein interactions. A recent study of the yeast proteome suggested that on average there are two protein-protein interactions per membrane protein [21] . Hence, the coreconstitution of multiple proteins into a single ND can enable the study of membrane proteins in a stabilized system. Previous efforts into the incorporation of multiple proteins have focused on controlling the ratio of proteins to MSP to lipids in the ND preparation to achieve a homogeneous mixture [22] [23] [24] [25] . However, due to the randomized nature of protein incorporation into nanodiscs, the ND mixture is usually nonuniform. As a result, multiple purification steps are required to get a homogenous mixture of the desired composition, often leading to poor yields. Another major problem in the coincorporation of proteins into nanodiscs is the bidirectionality in protein integration, where the proteins may be incorporated on opposite sides of the ND, which limits the study of protein-protein interactions. In summary, the controlled coincorporation of more than one protein type in nanodiscs with the physiologically relevant conformation has been a challenge.
A recent advance toward this controlled coincorporation was established using modified voltage-dependent anion-selective channel protein (VDAC) complex [26] . In this work, the authors tethered VDAC protein complexes with DNA to coincorporate the complexes into nanodiscs, excising the linker using DNase. This made sure proteins dually incorporated into nanodiscs in the correct conformation. However, even with this technique there are drawbacks-including the insertion of the individual proteins into two nanodiscs, resulting in single protein nanodiscs after excision. This was indeed observed by transmission electron microscopy (TEM) before excising the linker. This problem could potentially be minimized by further optimization of the linker size. However, this method provides higher yields of protein complex incorporation than expected from traditional methods. While nanodiscs can be used for interrogating protein-protein interactions, the different conformations that the proteins can adopt in relation to each other is still a challenge.
Nanodiscs with variable lipid compositions
Nanodisc technology establishes novelty in the ability to regulate the lipid composition of a native-like bilayer with precision. This ability is of importance to researchers studying membrane proteins, as the phospholipids that comprise the native plasma membrane directly modulate the functionality of membrane or membrane-associated proteins [27] . Given that the conformation and function of the membrane protein is dictated by explicit molecular interactions between the protein and lipids of the phospholipid bilayer, alterations of bilayer lipid composition will result in deviations of protein activity [28] . Hence, when performing in vitro studies of membrane proteins in the lipid bilayer system of nanodiscs, with the goal of simulating the native cellular environment and native protein activity, it is important to select an appropriate lipid composition for the nanodiscs assembly.
Common lipid compositions chosen for nanodiscs include: solely the zwitterionic phospholipid POPC, a mixture of POPC and the anionic phospholipid POPS, or a mixture of POPC and the anionic phospholipid POPG [29] [30] [31] . In an investigation of the receptor histidine kinase AgrC, Wang et al. [32] found that the variant AgrC-I required high anionic lipid concentrations for robust activation. It was also found that although AgrC-I is functional in a 1 : 3 mixture of DMPC and DMPG, the other variants tested-AgrC-II and AgrC-III-were not [32] . All three variants were functional in nanodiscs with a 1 : 3 ratio of POPC to POPG [32] .
Nanodiscs can have different sizes depending on the length of the MSP; these different sized nanodiscs can be used for different processes. Wang et al. [33] modified MSP by deleting the last four helices, which allowed the formation of smaller nanodiscs without altering the disc-like structure. The smaller ND size allowed for better NMR spectra for stromal interaction molecule 1 (STIM1) in different ND environments. The authors measured 31 P spectra for ND containing POPC, POPE, and POPC-POPE lipids. The POPC-POPE nanodiscs showed two different peaks, each corresponding to the individual peaks observed in POPC and POPE nanodiscs, indicating that the lipid environment is similar in the single lipid as well as the mixed lipid ND. Furthermore, the authors performed 2D NMR on the incorporated protein to gain structural insights. Thus, the use of smaller ND size is beneficial toward obtaining higher resolution solution state NMR spectra of proteins incorporated into nanodiscs.
Sometimes, nanodiscs must be disassembled after or during an experiment for analysis purposes. This is usually done to determine the lipid contents of a given set of nanodiscs. However, Franc ßois-Martin and Pincet disrupted nanodiscs for measuring lipid mixing [34] . Older versions of this experiment require disruption with detergent to induce fluorescence dequenching. In this case, nanodiscs prepared from POPC and fluorescent DOPE lipids were joined to liposomes via synaptosomal-associated protein (SNAP) receptor (SNARE) fusion proteins [34] . Dequenching was then used to monitor mixing of the fluorescent lipids through the newly joined membranes [34] .
An important aspect of ND composition is the consideration of the phase transition temperature (T m ) of the lipids employed [27] . An intrinsic property of phospholipids within lipid bilayers is that they are either arranged in an ordered solid (gel) phase or a disordered liquid crystalline phase, with the former occurring at lower temperatures and the latter occurring at higher temperatures. The phase transition temperature is directly dependent upon the head group and length of the fatty acid chain. ND assembly, as well as the following experiments with assembled nanodiscs, must be conducted at temperatures that do not fall below the T m of the lipid(s) used. This precaution should be implemented to ensure that the lipid bilayer stays in the native phase, a liquid crystalline phase. Sligar and coworkers characterized the phase transition behavior of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and DMPC nanodiscs by creating nanodiscs consisting of either 100% DPPC or 100% DMPC and subjecting them to differential scanning calorimetry (DSC) and generalized polarization of laurdan fluorescence [35] . Their findings noted that, upon incorporation into nanodiscs, the T m of DPPC and DMPC was 3-4°C higher than their usual value. These findings that phase transition temperatures for phospholipids are altered upon ND incorporation are significant for researchers choosing a proper lipid composition; the T m of a phospholipid that is proteinunbound can only serve as a guideline and experimental studies must be performed to determine the T m of the ND-incorporated phospholipid [35] .
Nanodiscs with different lipid composition have been used to study membrane-bound active peptides [3] . In a recent work, the authors showed that arenicin-2, a pore-forming antimicrobial peptide, disintegrates nanodiscs containing both zwitterionic phosphatidylcholine (PC) and anionic phosphatidylglycerol (PG). However, a spider toxin VSTx1, possessing a slightly lower positive charge compared to arenicin-2, showed effective binding to the nanodiscs containing anionic lipids such as 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) and did not cause their disruption. Due to the lower charge, VSTx1 has a lower affinity to nanodiscs containing zwitterionic lipids and only weakly interacts with MSP. Finally, neurotoxin II (NTII) from cobra venom showed low affinity for nanodiscs containing anionic lipids and it did not bind to zwitterionic lipid containing nanodiscs. The authors also show that NTII interacts with the ND surface in several orientations and the exchange between the different orientations is fast. As the interaction between NTII and phosphoserine is only possible in one specific orientation, the chance of a membrane-disintegrating reaction is low.
Nanodiscs have also been utilized in combination with cell-free expression of membrane proteins for protein stabilization [36] . Henrich et al. exhibited the cotranslational association of synthesized membrane proteins with preformed nanodiscs, to avoid detergent contact of the protein. This is particularly useful in cases where the membrane protein is extremely susceptible to detergent contact as is the case with phospho-N-acetylmuramoyl-pentapeptide-transferase (MraY), the protein used in this study. Furthermore, the authors show that MraY grown in gram negative bacteria showed a strong preference for anionic lipids, whereas the same protein grown in gram positive bacteria, showed no such preference. Gram negative bacteria that expressed MraY did not show any activity in nanodiscs containing < 40% 1,2-dimyristoyl-sn-glycero-3-phosphorylglycerol (DMPG). This major difference could be due to differential membrane integration patterns.
Finely tuned lipid compositions have been utilized to achieve functionality of target membrane proteins from a multitude of protein classes. Dijkmam et al.
[37] demonstrated that the class A GPCR neurotensin receptor 1, when incorporated into nanodiscs rich in phosphatidylethanolamine, experienced the Ga i1 subunit having a fourfold higher affinity for the GPCR. While various other GPCRs have been incorporated into nanodiscs to study their function (Table 1) , the effect of various lipid compositions on GPCR functionality has not been thoroughly investigated. Rues et al.
[38] cotranslationally expressed turkey b-1 adrenergic receptor modified with a green fluorescent protein (GFP) tag and incorporated into nanodiscs with varying lipids including 1,2-dimyristoyl-sn-glycero-3-
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and 1,2-dielaidoyl-sn-glycero-3-phospho-(1-rac-glycerol) (DEPG). The homogeneity of various empty nanodiscs was measured. Next, for protein nanodiscs the incorporation efficiency was monitored using fluorescence and it was noted to be consistently high in all lipids, except DOPA and DOPE where a low fluorescent signal was observed. Lower incorporation was also observed with natural lipid extracts. Charged headgroups such as PG or phosphatidyl-serine supported the functional conformation and 18-carbon atom chains were preferential. The trans configuration of the double bond in DEPG membranes resulted into higher activity if DOPG membranes having cis configuration The activity of the incorporated receptor was measured using quantitative binding assays with radiolabeled alprenolol. The alprenolol binding with purified ND samples was 75% with SOPG, 50% with POPS, DOPE and DOPS, and 25% with DOPA.
In summary, the ability to tightly control the lipid composition of the nanodiscs is important to study the protein-lipid interactions in several membrane-bound protein and peptide systems.
Use of fluorescence spectroscopy to study membrane proteins in nanodiscs
Fluorescence spectroscopy is one of the most powerful techniques to study protein folding, dynamics, protein-lipid assembly, and protein-protein interactions. Fluorescence spectroscopy has broad applicability across different proteins and in different environments. Most proteins have natural fluorophores such as tyrosine and tryptophan residues, which allow study of changes in protein conformation without any further mutation of the parent protein.
Besides using the natural fluorophores, site-specific labeling with external fluorophores is also done using either mutagenesis or chemical modifications. One of the hallmarks of using fluorescence spectroscopy for membrane protein study is the requirement of a small amount of material (picomole to nanomole range) that gives a high signal-to-noise ratio. Fluorescence spectroscopy is also a convenient method to study fast protein conformational changes as the fluorescence emission lifetime is in the nanosecond range, which is relatively fast compared to most conformational transitions. In order to adapt established fluorescence measurement techniques to study membrane proteins, nanodiscs have recently been used in several applications as outlined below.
Fluorescence correlation spectroscopy
Fluorescence correlation spectroscopy (FCS) is a well-established technique that has been extensively used in the study of protein-protein interactions. The fundamental principal of FCS is to perform correlation analysis on the random diffusion of a fluorescent molecule in solution to determine various constants of the molecule including its diffusion constant and hydrodynamic radius [39] . Additionally, data obtained through FCS can be utilized to determine the rates of chemical reactions as well as the average concentration of the molecule in solutions [40, 41] . We recognize that FCS has been coupled with ND technology for biophysical and biochemical studies since 2010, however, for the purposes of this review we will only focus on the work performed after 2012.
Fluorescence correlation spectroscopy was used to investigate bacteriorhodopsin (BR) nanolipoprotein disks (NLPD). The NLPD is structurally and functionally similar to the ND. Gao et al. incorporated fluorescently labeled BR protein into NLPD containing labeled lipids and performed FCS analysis. The diffusion curves for BR-NLPD were compared to empty NLPD, BR, and truncated apolipoprotein in order to determine the diameter of each species [42] . This determined that the BR ND insertion rate was 55%. Atomic force microscopy (AFM) measurements were used to validate this rate of insertion [42] . Overall this study provided some basic characterization of BR ND and established a method to analyze membrane proteins by FCS.
Another study performing FCS on membrane proteins inserted into nanodiscs analyzed GPCRs. GPCRs are important signaling proteins that are frequently studied after detergent solubilization even though this procedure impairs protein functionality [39, 43] . The ND alleviates these concerns. Additionally, the NDbased FCS is advantageous for kinetic studies because it requires a low amount of material [43] . In this study, the GPCRs neurokinin 1 receptor (NK1R), Beta-2 adrenergic receptor (ADRB2), and dopamine receptor D1 (DRD1) were inserted into nanodiscs in order to increase the GPCRs' solubility, and perform substrate binding studies [43] . The increased solubility is another benefit of ND technology. NK1R-ND and its natural substrate, Substance P, were both fluorescently labeled so binding could be analyzed by FCS. When incubating with NK1R-increased substance P's diffusion times signifying that substance P (a small peptide) was binding to NK1R (a significantly larger substance) [43] . Data analysis revealed a K d of 83 AE 33 nM and this K d was consistent with dot blotting results [43] . Establishing FCS as a valid means of studying GPCR-NDs will prove beneficial for future studies because it provides high-quality quantitative data and because FCS measurements can be taken rapidly [43] . Gao et al.
[43] state that these advantages combined with FCS technique requiring low volumes of material makes FCS an ideal method for use in GPCR drug screening studies.
A third study on the use of FCS to study membrane proteins incorporated into nanodiscs focused on Yersinia pestis membrane proteins Yersinia outer protein B (YopB) and LcrV [39] . YopB is an effector protein that plays a role in host cell invasion and YopB's delivery into the host cell is moderated by the injectisome [39] . LcrV is a cytosolic protein found in the needle tip of the injectisome and a study suggested that an interaction between these two proteins is necessary for pore formation [39, 44] . Analyzing the shift in fluorescently labeled LcrV's diffusion curve upon incubation with YopB revealed a K d of 20.5 AE 2 nM, while incubating LcrV with empty nanodiscs does not significantly alter diffusion, which suggests that LcrV requires YopB for pore formation and not just a lipid bilayer [39] .
In conclusion, these studies show the viability of FCS-ND coupling to study a wide variety of membrane proteins. Furthermore, FCS provides very accurate, quantitative binding data using low amounts of protein, which is ideal considering the low expression levels of membrane proteins.
Fluorescence resonance energy transfer (FRET) to study interactions within the bilayer:
Membrane proteins can be classified into two broad categories-integral and peripheral-based on the nature of the membrane-protein interactions. Integral membrane proteins have one or more of the protein segments that are embedded in the phospholipid bilayer. Peripheral membrane proteins on the other hand are usually bound to the membrane indirectly by interactions with integral membrane proteins or direct interactions with lipid polar head groups. Overall most membrane proteins have buried protein segments that are not accessible to the aqueous solution. Fluorescence resonance energy transfer (FRET) is a method that is frequently used to study interactions that occur within lipid bilayers. Several studies have performed FRET on membrane proteins incorporated into liposomes, but nanodiscs serve as a better tool for use in these studies due to enhanced homogeneity, stability, resistance to aggregation, and a reduction in scattering affects due to aggregated proteins [23, [45] [46] [47] . In these types of FRET studies, a donor molecule, frequently an excitable amino acid, will be integrated into the protein at the location of interest and when excited this amino acid will emit a wavelength that then excites the acceptor, which is the measured species.
One recent study that utilized FRET analysis on membrane proteins investigated glucose-6-phosphate isomerase, cytosolic (PgIC) and glucose-6-phosphate isomerase A (PgIA), two of the enzymes in the Campylobacter jejuni N-linked protein glycosylation pathway [48] . This study selected the tetramethyl rhodamine (TAMRA) and cyanine5 (Cy5) FRET pair to probe the cofacial organization of these proteins in nanodiscs [48] . PgIC was labeled in its N-terminal or globular domain with Cy5 (the acceptor molecule) and PgIA was labeled with TAMRA (the donor molecule) [48] . Hartley et al.
[48] found a greater FRET signal when PgIC was globularly labeled suggesting that the globular domains are cofacially oriented in the ND.
We recently conducted a study using FRET to measure the insertion of cytochrome P450 2J2 (CYP2J2) mutants into the lipid bilayer. CYP2J2 in humans is an extrahepatic CYP in the heart that epoxidizes omega-3 and omega-6 polyunsaturated fatty acids to create biologically active metabolites [49] . Previous studies on CYPs suggested that CYP membrane insertion includes a partially imbedded active site and that the N terminus and F-G Loop are significantly immersed in the membrane [46, 50] . In order to study the role the F-G Loop plays in CYP2J2 membrane insertion, we mutated the F-G Loop region of a 34 AA N-Terminally truncated CYP2J2 (D34) to create the following constructs: D34-I236D, D34-F239H and D34-I236D/F239H [45]. We then used stoichiometric ratios to ensure that these constructs were inserted into nanodiscs containing one and only one phospholipid with pyrene lipids [45] . CYP2J2 has several naturally occurring Trp residues that can form a FRET pair with the pyrene-ND and this FRET pair was used to probe the insertion of CYP2J2 into the bilayer [45] . Furthermore, this FRET pair has been used to analyze the insertion CYP3A4, CYP1A2, cytochrome C, and 14-3-3c into liposomes but nanodiscs are a better membrane mimic because of their increased homogeny and stability in aqueous solution [23, [45] [46] [47] [51] [52] [53] [54] . Trp-Pyrene FRET analysis of the mutant 2J2 in 100% POPC nanodiscs did not demonstrate a significant variance in 2J2 membrane insertion relative to D34 but decreases in insertion relative to D34 were observed in 30% POPS:70% POPC nanodiscs and even greater decreases relative to D34 were observed in the 60% POPS:40% POPC nanodiscs [45] . This concludes that the F-G loop mutants are inserted into the membrane less than wild-type D34. Overall, this study is another example of ND technology being combined with FRET to probe membrane protein structure and their interactions with the membrane. Additionally, lipid composition was shown to have a significant effect on membrane insertion and since ND lipid composition can be easily manipulated, nanodiscs are ideal mimics in studies like this where lipid composition plays an important role in the biophysical studies.
Fluorescence resonance energy transfer was also used to further analyze the previously mentioned SecYEG translocon. This study used a FRET pair featuring a fluorophore bound to SecYEG's substrate protopeptide and a fluorophore bound to the SecYEG translocon itself that only activates upon formation of a translocon intermediate [55, 56] [59] . Kedrov and colleagues used FCS to characterize the diffusion of recombinant YidC and its binding to ribosomes [59] . Then, by labeling both with AlexaFluor 488 and Cy3, they investigated the oligomerization of YidC using FRET. The YidC system was then transferred into nanodiscs where FCS was again used to measure oligomerization [59] .
Luminescence resonance energy transfer
Nanodisc technology has also been coupled with the technique of luminescence resonance energy transfer (LRET) to study a range of membrane proteins. In one study conducted by Zoghbi et al. [60] , LRET was combined with nanodiscs to examine the structure of the bacterial flippase lipid A export ATP-binding/permease protein (MsbA) . A single cysteine mutant outside the nucleotide-binding domain (NBD) of the protein was labeled with Tb 3+ in a thiol-selective labeling. The Tb 3+ is a donor for the LRET, which showed a large sensitized emission for ATP bound protein. The binding of ATP induces the NBD dimerization process which leads to an increase in LRET, thus conformational changes can be monitored by LRET changes. The distance between the NBDs was monitored by measuring the LRET. It was shown that MsbA in nanodiscs undergoes conformational changes during the ATP hydrolysis event, a finding that was much smaller than the previously published results. This finding is more consistent with a closed outward facing crystal structure. Two distinct distances were detected under steady-state conditions, which indicate a conformational equilibrium between two states, supporting previous results. The authors purport that the native-like state of the ND-reconstituted MsbA is responsible for their results contrasting the widely open inward facing crystal structure and studies in nonphysiological conditions. Within this study, the LRET experiments were also conducted using liposomes as a comparative measure. It was observed that the MsbA reconstituted in nanodiscs had higher activity than in detergent-solubilized liposomes. Additionally, it was revealed while performing distance calculations that nanodiscs had more consistent LRET data than liposomes. The authors attributed the discrepancies in the liposome data to light scattering from the liposomes, conveying an advantage for the use of nanodiscs in LRET experiments.
NMR and Nanodiscs
Solution-state NMR Nanodiscs have been coupled to both solution-state and solid-state NMR techniques. For instance, solution-state NMR studies were used to study the structure of the antiapoptotic protein B-cell lymphoma extra large (BCL-XL). BCL-XL is overexpressed in tumors and found to encourage tumor formation, cell survival, and resistance to chemotherapy [61] . In the past, BCL-XL studies have evaluated truncated or detergent-solubilized protein [62] and NMR analysis was performed on truncated, water soluble BCL-XL in 1996 [63] . Full-length BCL-XL has not been structurally characterized although detergent-solubilized BCL-XL was used to study how it associates with the membrane [64] [65] [66] . One of these studies determined that detergents were capable of interfering with BCL-XL's ability to bind and form protein complexes [66] . Full-length BCL-XL nanodiscs were analyzed via solution-state NMR to obtain structural information about full-length BCL-XL [62] . These experiments determined BCL-XL integrates into nanodiscs homogenously, BCL-XL has a globular fold when integrated, the C-terminal tail traverses the ND membrane, and BCL-XL binds to BH3-Ligand with high affinity [62] . This study was able to achieve atomic resolution of BCL-XL due to the detergent-free environment, which demonstrates the utility of using nanodiscs in NMR studies [62] . BCL-XL nanodiscs have also been evaluated by Yao et al. [67] using smallangle X-ray scattering (SAXS). This study determined that C terminus of BCL-XL forms a-helix and that the C terminus disrupts the solubility of the protein [67] .
Solution-state NMR has also been used to probe the membrane interactions of Kirsten rat sarcoma viral oncogene homolog (K-RAS4B), E. coli Outer Membrane Protein A, and the bacterial a helical membrane protein YgaP [68] [69] [70] . Additionally, solution-state NMR was used to probe the effect of truncating MSP on ND size, and determine which MSP variant is best for analyzing beta barrel proteins, [33, 71] . These studies found that MSP1D1DH5, which creates a smaller ND with a diameter of 9 nm, provided the best stability and NMR resolution. Chemical shift perturbation was used to analyze membrane-dependent regulation of the Ras homolog enriched in brain (Rheb) GTPase [72] .
Nanodiscs have also been combined with solutionstate NMR to perform structural studies of the Cytochrome-b 5 CYP2B4 complex [73] . This work is notable because it is one of the first to analyze a multiple protein complex by NMR. Nanodiscs served as an easy-to-use platform for complex stabilization and the binding observed was much stronger than that observed in detergent micelles [73] . Additionally, the detergent-free environment of nanodiscs allows for improvement in resolution over its detergentbased counterparts.
Solid-state NMR
One of the challenges of analyzing proteins by solution-state NMR is that the larger the protein's molecular weight the lower the resolution of the NMR structure [74] . Solid-state NMR has recently been used to evaluate larger protein structures [74] . Solidstate NMR has also been used to analyze membrane proteins inserted into lipid nanodiscs. One of these studies analyzed proteorhodopsin which is a type-1 retinal protein from marine algae that is easy to analyze due to its optical properties [75] . This study used polyethylene glycol to help sediment the nanodiscs inside a MAS rotor and found that proteorhodopsisn complexes in ND that are formed using DHPC lipids are more homogenous than detergent-solubilized proteorhodopsin [75] . Furthermore, reduced protein dynamics and increased lipid order was observed for the proteorhodopsin ND samples [75] . Solid-state NMR has also been used to study the Y. pestis outer membrane protein Ail. Ail enables resistance to the host's immune system and mediates adhesion to human cells [76] . This protein crystal structure was recently determined [77] . Ail in micelles has recently been studied by NMR but the detergent concentration necessary for NMR prohibited ligand binding [78] . Fortunately, solid-state NMR on catalytically active Ail nanodiscs was able to observe ligand binding which can be used to probe protein activity [76] . Furthermore, the Ail ND NMR samples were sedimented by ultracentrifugation instead of polyethylene glycol or lyophilization [76] . This is advantageous because polyethylene glycol can disrupt nanodiscs of particular lipid compositions and can inactivate proteins [76, 79] . This work also diluted some of the sedimented samples back to original concentrations, and solution-state NMR studies on these samples found that sedimentation did not disrupt the protein or lipid structures [76] . Together these two studies established methods for analyzing membrane proteins by solid-state NMR and pave the way for future structural and functional studies.
Mass spectrometry
Mass spectrometry is one of the primary methods for protein identification from complex mixtures of biological origin. This is largely attributable to the instrumental advances that allow routine analysis of small amounts (femtomoles) of peptides in complex biological mixtures along with the rapid growth in genomic databases that are amenable to searching with MS data. There are a multitude of treatments that can be combined with MS to study different aspects of a protein. Mass spectrometers employed in proteomic analysis use either matrix-assisted laser desorption/ ionization (MALDI) or electrospray ionization (ESI). However, most of this work has focused on soluble proteins because detergent solubilization and previous membrane mimics for membrane proteins have failed to adequately provide for protein activity, proper oligomerization, and sample homogeneity [80, 81] . Nanodiscs successfully alleviate the majority of these concerns by providing a homogenous environment that prevents unwanted protein oligomerization and ensures protein activity. Therefore, recent work has focused on the combination of ND technology with previously developed mass spectrometric methods. These approaches include using nanodiscs in combination with Hydrogen exchange mass spectrometry (HX-MS), stable isotope labeling of amino acids in cell cultures (SILACs), and matrix-assisted laser desorption mass spectroscopy as described below.
Hydrogen exchange mass spectrometry
Hydrogen exchange mass spectrometry has been used to investigate conformational changes of the membrane protein gamma-glutamyl carboxylase (GGCX) in nanodiscs upon ligand binding. In HX-MS, deuterium is incorporated into the protein of interest (GGCX in this case) during a HX step [81] [82] [83] . The frequency of uptake at specific amino acid residues can then be measured by MS [84] . These reactions are quenched by acidification and then cholate is added to disassemble the nanodiscs [81] . The protein is then digested by pepsin, phospholipids are removed by ZrO 2 resin, and the sample is analyzed by ultra performance liquid chromatography (UPLC)/ESI-MS in order to measure the frequency of deuterium uptake [81] . The frequency of uptake reveals how accessible to solvent is to a given residue in the protein, which is dependent on protein flexibility and dynamics. Differences in deuteration levels between substrate-bound and substrate-free protein reveal conformational changes during substrate binding. A schematic of a HX-MS experiment is shown as Fig. 3 . Previous HX-MS membrane protein studies used liposomes and detergent micelles to stabilize the proteins, but these systems lack homogeneity [80, 81] that is circumvented by the use of nanodiscs in this case. The pairing of HX-MS and ND technology elucidates information about the accessibility of individual residues while using very low amounts of protein [80, 81] . This is an additional advantage of coupling HX-MS with ND technology because many membrane proteins have low expression levels.
Gamma-glutamyl carboxylase post-translationally converts specific glutamic acid (Glu) residues into gamma-carboxyl glutamic acid (Gla) in many vitamin K-dependent (VKD) proteins [80] . VKD proteins have been implicated in blood clotting, signaling, and bone structure [85] . This carboxylation requires Vitamin K GGCX to bind its substrates at a highly conserved 18-residue sequence known as the propeptide (pCon) [80, 85] . Investigation into the structure of GGCX bound to the pCon domain of VKD proteins has stalled because sample preparation was leading to aggregation, oligomerization, and precipitation [80] . GGCX was thus incorporated into nanodiscs to circumvent these problems. HX-MS was then performed on these ND complexes [80, 81] . Comparing HX-MS results of GGCX nanodiscs with GGCX nanodiscs bound to pCon provided information on conformational changes due to the binding of pCon.
As previously stated, the conformational changes of GGCX nanodiscs upon pCon binding were evaluated by comparing unbound GGCX nanodiscs to pConbound nanodiscs and also evaluated the effect of varying the length of the deuteration reaction. Upon substrate binding less deuterium uptake was observed in many regions of GGCX suggesting increased solvent protection and hydrogen bonding [80] . Furthermore, significant differences were observed in areas known to bind to pCon [80] . These results were in agreement with current literature [80] . A schematic of HX-MS is shown as Fig. 3A .
As HX-MS is coupled with ND technology to study additional membrane proteins, one concern is the amount of time required to digest large membrane proteins. The larger the protein, the longer the amount of time required for complete digestion. This is problematic because deuterium begins diffusing out of the protein as soon as the deuterium uptake reaction is quenched [81] . This could be countered by improving the speed of protein digestion and lipid removal from the membrane protein-ND system. Removing MSP contamination can also increase sequence coverage after digestion [86] . Adhikary and colleagues inserted leucine transporter (LeuT) into nanodiscs and used HX-MS in concert with molecular dynamics (MD) simulations to identify conformational ensembles. Neutravidin beads were used to trap biotinylated MSP, thus improving LeuT peptide detection [86] . Taken together, HX-MS coupled with ND technology will continue to be a valuable tool to investigate membrane protein conformations.
Stable isotope labeling of amino acids in cell culture (SILAC) approach in mass spectrometry
There is a need to identify protein-protein interactions in order to understand complex cellular processes, and recent work has focused on understating the protein interactome. An interactome is all of the different proteins and molecules that a given protein interacts with. Some techniques that have been used to identify interactomes of soluble proteins include, but are not limited to, tandem affinity pull-down, SILAC, yeast two hybrid screening, chemical labeling, gel chromatography, and blue native gel electrophoresis [87, 88] . Unfortunately, these methods struggle to identify membrane protein interactomes because the detergents used to solubilize membrane proteins frequently disrupt protein-protein interactions [89] . Additionally, many membrane protein interactome interactions have weak affinities or are dependent on specific lipids that are associated with the proteins in vivo [90] . As a result, studies of membrane protein interactomes have not been investigated as thoroughly as their soluble counterparts. Recently SILAC has been combined with ND technology to determine the interactomes of target membrane proteins.
A SILAC has been used to identify the interactomes of glucose transporter type 4 (GLUT4), Integrin Kinase, and Protein Phosphatase 1 [88, 91, 92] . The first step in SILAC is to obtain two versions of the proteome to be evaluated. One is a heavy proteome made from deuterated amino acids and the other is the light proteome containing unlabeled amino acids [93] . For a Fig. 3. (A) Schematic of HX-MS. GGCX nanodiscs are bound to substrate (pCon) and then the deuterium uptake step occurs. GGCX nanodiscs not bound to pCon are used as a control and the length of the deuterium uptake reaction was varied as well. Afterwards the nanodiscs are disassembled, protein is digested, and lipids are removed before UPLC-ESIMS. Deuterium uptake plots are created based upon UPLC-ESIMS data to evaluate the effect of varying the length of the deuterium reaction on deuterium uptake of a region of GGCX (red) and a region of MSP (black; reference [81] ). Adapted with permission from [81] . Copyright 2010 American Chemical Society. (B) Schematic of SILAC MS. Empty nanodiscs incubate with an unlabeled proteome to serve as a control while SecYEG nanodiscs incubate with labeled proteins to enable specific binding between SecYEG and the proteome. The mixtures are combined and ran through a His-Tag affinity pull-down. ND complexes are then digested and ran on LC-MS/MS. Plot 1 represents a low affinity, nonspecific binding as seen by the near 1 : 1 ratio of labeled to unlabeled protein. Plot 2 represents a high affinity, specific interaction between a protein and SecYEG as seen by the significantly > 1 : 1 ratio of labeled to unlabeled protein (reference [90] ). Adapted with permission from [90] . Copyright 2012 American Chemical Society. (C) Schematic of MALDI-MS: CYP3A4 Samples are prepared for MALDI-MS. The data shown in this figure were from an experiment using the ultrathin method and a sinapic acid matrix. The spot analyzed by MALDI-MS was rapidly dried so the MSP remains in the middle of the sample as shown while the enriched CYP region is the exterior of the dot. With longer drying times the MSP will partition into solution and aspirate off the sample (reference [99] ). Adapted with permission from [99] . Copyright 2011 Springer-Verlag.
protocol capitalizing on the usage of nanodiscs, the protein being studied is purified separately and then inserted into nanodiscs. These discs are then incubated with the heavy proteome while empty nanodiscs are incubated with the light proteome. The light proteome empty ND incubation functions as a control for nonspecific binding of proteins to lipids or MSP [90] . The mixtures are combined and then purified through Ninitrilotriacetic acid affinity purification. This method of purification is important as the resin does not interact with the incorporated proteome and consequently avoids disrupting any protein-protein interactions. After elution, the protein-ND complexes are then analyzed by liquid chromatography (LC)/MS/MS and identified using protein databases [90] . Then, it is possible to determine the ratio heavy to light ratio for each proteomic protein and this ratio is known as the SILAC Ratio [90, 93] . The higher the SILAC ratio the more specific the interaction between the protein from the proteome and the target protein. A high-affinity and low-affinity interaction is shown as part of Fig. 3B .
Stable isotope labeling of amino acids in cell culture was first combined with ND technology in an attempt to determine the interactome of membrane proteins SecYEG translocon, maltose transporter MalFGK2, and membrane insertase YidC by Zhang et al. SecYEG is a channel protein known to interact with SecA, Syd, FtsY, and ribosomes [94] . SILAC analysis of SecYEG-ND created with E. coli total lipid extract found that SecYEG bound to SYD but not SecA [90] . However, SecYEG-ND created with PG did bind SecA [90] . This example illustrates the effects of microenvironments and surrounding lipid composition on membrane protein-protein interactions. Thus, the ability to easily create nanodiscs of varying lipid compositions is critical to facilitate these studies. The SecYEG-ND did not bind FtsY and ribosomes, but this was not surprising due to these interactions requiring a ribosomenascent chain complex to form during cotranslational translocation [95, 96] . Furthermore, the SILAC method observed DnaJ specifically binding to SecYEG although this binding had a much lower SILAC ratio than the others [90] . The MalFGK2 experiment observed significant MalE binding [90] . Although MalE is known to bind to MalFGK2 this result was remarkable because MalE only binds to detergentsolubilized MalFGK2 in very specific situations [97] . This is another example of the advantages of the ND SILAC approach. A previous proteomics analysis of YidC did not capture any proteins that appear to interact with YidC [98] . This finding was repeated by the ND SILAC studies [90] . Overall, the studies on these proteins agree with previous literature demonstrating the validity of the ND SILAC method.
A SILAC is a highly accurate quantitative experimental method that could be used to identify the interactomes of many membrane proteins as well as quantitate the strength of the protein-protein interactions present within the interactomes. Furthermore, as many membrane protein interactions depend on the presence of specific lipid types, these experiments can be pursued using nanodiscs of varying lipid composition to attempt to identify new interactions similar to the SecYEG-SecA binding. Therefore, using SILAC methodologies in combination with nanodiscs, one can unearth protein-protein interactions that will lead to the discovery of the missing steps in a protein signaling pathway.
Matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) and electrospray ionization (ESI)

Most of the MS methods including the previously mentioned HX-MS and SILAC analyze digested peptide fragment as opposed to full-length proteins.
Although the bottom-up proteomics methods provide valuable information, it is important to analyze fulllength proteins to obtain information regarding label attachment, post-translational modifications, and other applications [99] [100] [101] [102] [103] . A previous study, used self-assembled monolayers for matrix-assisted laser desorption ionization (SAMDI) to analyze intact membrane proteins in nanodiscs but unfortunately the data featured a strong, overwhelming MSP peak that was significantly greater than the inserted protein [104] . In order to correct this problem, modified MALDI methods have been developed as explained below [102, 105, 106] . One of the key steps in MALDI using nanodiscs is the preparation of the sample matrix. The most common method of sample preparation is the dried drop method. In this method, the analyte is mixed with matrix and spotted on the sample plate to dry [99] . This preparation was tested with CYP3A4 (cytochrome P450 3A4) and the MS data problematically contained significantly higher MSP peaks than the target CYP3A4 peaks [99] . As a result, CYP3A4 nanodiscs were prepared by using the ultrathin layer method and evaluate these nanodiscs. In the ultrathin layer method a formic acid/water/isopropanol solution [102] was mixed with matrix, centrifuged, and the supernatant combined with protein nanodiscs [99] . The solution was spotted onto an ultrathin layer plate where the polycrystalline layer formed across the spots [99] . Both a-cyano-4-hydroxycinnamic acid (4HCCA) and sinapinic acid (SA) matrixes were used to study CYP3A4 and both choices of matrixes eliminated MSP signal and enhanced CYP3A4 peaks [99] . The 4HCCA matrix showed more poly cationic species than SA and this can be useful when analyzing multiple peaks to obtain a high accuracy mass value. The SA matrix generated a better signal from singly and doubly charged CYP3A4 which will be useful for simpler spectra [99] . SA matrix was then used to study both Cytochrome P450 Reductase (a mostly soluble protein with a transmembrane anchor), and Rhodopsin (a protein anchored to the membrane more tightly than CYP3A4 and Cytochrome P450 Reductase). The MSP signal was removed in using the two different matrix suggesting that this effect of enhancement of the intact membrane protein peak as opposed to MSP peak is result of the ultrathin layer plate methodology [99] .
Marty et al. then investigated the means behind MSP signal elimination and protein signal amplification by further studying a CYP3A4 spot. Manually moving the laser across and depth probing the spot revealed that CYP3A4 was distributed homogenously while no MSP was observed [99] . When varying the time period, crystals were allowed to form before excess sample was washed off and this resulted in the formation of a coffee ring pattern would form with no MSP on the outside layer but very concentrated MSP on the inside [99] . Based on this observation, Marty et al. [99] concluded that in longer crystallization times the MSP partitions into the solvent and is aspirated off with the solvent while the CYP3A4 deposits into the polycrystalline film (Fig. 3C) .
This ultrathin layer MALDI-MS method is an important development because it eliminates the MSP signal while enhancing membrane protein signal. In the future, ultrathin layer MALDI-MS will be used to analyze intact protein complexes. Ultrathin layer MALDI can also be used to identify known protein targets within a heterogeneous mixture. Marty et al. [107] have used native MS to determine the molecular weight and polydispersity of intact nanodiscs, showing that the integrity of the 'empty' nanodiscs can be preserved in the gas phase.
Han and colleagues used direct and proxy ESI-MS assays to investigate protein-ligand binding of cholera toxin B subunit homopentamer (CTB 5 ) with glycolipids contained in nanodiscs and picodiscs [108] . According to crystal structure data, CTB 5 can bind up to five GM1 (
molecules. Nanodiscs were made containing between 1 and 20 GM1 glycolipids, and combined with CTB 5 in solution. ESI-MS revealed that binding was dependent on both ND concentration and GM1 percentage. With equal concentrations of overall GM1, CTB 5 was more highly bound in the presence of low-percentage GM1 nanodiscs than it was to highpercentage nanodiscs. Proxy ligand assays then enabled the quantitation of binding affinities, and ultimately showed that CTB 5 binding to glycolipids is more favorable in solution than in nanodiscs [108] . In a separate work by Leney et al. [109] , CaR (catch and release)-ESI-MS was used to directly detect individual protein-glycolipid complexes. This method allows the detection of lower affinity interactions, and the differentiation of various glycolipids when coupled with collision induced dissociation (CID).
More recently, Campuzano and colleagues compared the use of industry standard orthogonal acceleration time-of-flight (OA-ToF) to both Orbitrap and Fourier-transform ion cyclotron resonance (FT-ICR) [110] . BR-containing and empty nanodiscs were subjected to both ESI and MALDI-MS to gauge the efficiency of membrane protein liberation, as well as the lipid content of the empty nanodiscs [110] . It was found that both Orbitrap and FT-ICR MS produced cleaner spectra with less protein unfolding, and that FT-ICR and is ideal for membrane protein liberation [110] . Future research will focus toward improving data analysis methods and spectral resolution which currently hinder the application of native MS for studying membrane protein-ND complexes [111, 112] . Overall, these studies have demonstrated the advantages of using ND technology to alleviate problems created when analyzing detergent-solubilized membrane proteins or membrane proteins incorporated into other lipid bilayer systems via MS.
Other biochemical techniques
Nanodiscs and surface plasmon resonance
Surface plasmon resonance is a technique vastly used for studying small molecule binding to proteins. Although extensively used for soluble proteins, it has been challenging to stabilize membrane proteins for SPR analysis. However, nanodiscs present an excellent stabilization complex since the protein embedded in the ND has both its epitopes exposed on either side of the lipid bilayer. Thus, it is a valuable technique toward characterization of protein-small molecule binding. A review on the optimization of various parameters for SPR on nanodiscs including various chips and immobilization techniques has been recently published [113] .
Nanodiscs have been coemployed with the cell-free expression of endothelin A and B to stabilize these receptors [114] . Furthermore, SPR and other techniques including radioassays and fluorescence measurements were utilized to study the binding of ligand ET, a peptide ligand of endothelin A and B. Specifically, b-ET-1 or b-ET-3 ligand was immobilized on the surface of SA biosensor chips and K D values were calculated. Additionally, the effect of lipid composition on the K D value was analyzed . By varying the lipid composition in the ND, slightly lower K D values were obtained when 5% cholesterol hemisuccinate or total brain extract lipids were utilized instead of 100% PC lipids. However, the role of anionic lipids could not be analyzed due to the strong association of b-ET-1 with the anionic lipid. This work is one of the first examples of GPCR-NDs and SPR.
Recently, human adenosine A 2A receptor (A2A) has been incorporated into nanodiscs and binding was studied by SPR [115] . For this study, the authors expressed and purified a variant of the MSP1D1-carrying an amino-terminal His tag for purification purposes that can be removed by TEV cleavage, and a C-terminal C9 tag (TETSQVAPA) to immobilize the A2A/ND complex via the 1D4 antibody on the SPR chip. Alternately, A2A-GFP-His nanodiscs were also immobilized via the His tag present on the carboxy terminal tail of the GFP fused to the receptor by direct affinity coupling on Ni-nitrilotriacetic acid chip. This technique allows the immobilization of empty nanodiscs to the reference channel. Furthermore, the authors found that neither immobilization technique has significant effects on the K D values as verified by radio-binding assays. Results indicate that ND-stabilized A2A shows increased binding activity than detergents (80% vs 52%) [76] . An additional prominent feature observed in this study is that association rates for two compounds appear significantly faster when the A2A receptor is inserted in nanodiscs resulting in stronger affinities than those measured on detergentsolubilized receptors. The authors hypothesize that the presence of a lipid bilayer modifies the access pathway of the ligand to the receptor. Thus, SPR technology can be used for determining kinetic parameters more accurately when combined with membrane proteins in nanodiscs.
Finally, ion channel KcsA-Kv1.3 was incorporated into nanodiscs, and binding to peptide ligand was studied [116] . In this study, the authors immobilize biotinylated nanodiscs with or without the ion channel incorporated into regenerable streptavidin sensorchips. The authors studied small molecule binding as well as peptide binding to the ion channel by SPR and observed that small molecule binding required a slightly higher temperature than peptide binding, possibly indicating differential binding sites. The binding site for the small molecules may require higher mobility of the lipids surrounding the channel and therefore would only be able to bind at a temperature significantly higher than the phase transition temperature of the lipid used for ND assembly, DMPC. The authors also concurrently studied these binding modes with backscattering interferometry (BSI) or back scattering interferometry, which they found to be more sensitive toward small molecule binding to the channel than SPR. Additionally, the authors noted discrepancies between the BSI and SPR values. Altogether, a combination of these two techniques, both compatible with ND complexes, provides a high-throughput platform for various binding assays.
Biolayer interferometry
Quantitating protein-protein interactions can be challenging, especially with regard to membrane proteins. In a recent paper by Sharma and Wilkens, biolayer interferometry (BLI) is used to determine kinetic constants of the multisubunit V-ATPase complex [117] . V-ATPase is a ubiquitous ATP-dependent proton pump regulated by reversible disassembly. The authors reconstituted V-ATPase into nanodiscs containing native vacuolar lipids and tagged MSP for binding to BLI sensors, at which point the nanodiscs were treated with the inhibitor SidK to examine binding kinetics [117] . Dissociation of the two main units of V-ATPase was then tested under chaotropic and inhibitory conditions [117] . The successful use of BLI now offers another avenue of investigation protein-protein interactions of membrane proteins in nanodiscs.
Micro-ring resonators
The study of protein-lipid interactions has also been combined with novel analytical techniques like silicon photonic microring resonator arrays [118] . In this work, the authors utilize the ND platform to study both protein-lipid interactions as well as membrane protein-soluble protein interactions. Nanodiscs of various compositions immobilized on the surface of a microring resonator array show preferential binding when exposed to annexin, an anionic phospholipidbinding protein. As the amount of POPS increases from 0% to 50% the net annexin binding also increases. Protein-lipid interactions in nanodiscs have also been investigated via gas phase native MS [119] . In this study, the authors inserted ammonium transporter AmtB and tetrameric aquaporin Z (AqpZ) into POPC and DMPC nanodiscs. By employing orbitrap MS and optimizing the collision energy, the authors ejected the proteins with the associated lipids without losing lipids to excessive energy or drawing nonspecifically bounded lipids. Deconvolution of the spectrum with UniDec and Kendrick mass defect software revealed that nine lipids were ionically interacting with each protein, while the annular belt and head group shell consisted of around 73 and 40 lipids, respectively. These results were further confirmed for AmtB with MD simulations.
Charge-sensitive optical detection
In addition to SPR, the ND technology has been combined with other surface-based technologies like CSOD or charge-sensitive optical detection [120] . As the name suggests, this technique is sensitive to charge as opposed to mass change. This is very useful for detecting protein binding with small-molecule ligands since the fold change in charge on binding is often more significant than the change in mass. This technique has been applied to investigate the binding of two peptides and one small molecule to KcsAKv1.3 channel. In this technique, an optical fiber tip made of silica, is first functionalized by (3-aminopropyl) triethoxysilane (APTES). This further assists the attachment of the channel incorporated in nanodiscs by biotin-streptavidin interaction to immobilize the protein on the fiber tip. The fiber tip can be dipped into a well containing the ligand and the association and dissociation parameters (in buffer) can be measured by changes in charge. This technique is also sensitive in serum and 3.9% DMSO. However, this method does not allow the study of systems where binding kinetics do not result in a net change in charge.
Scintillation proximity assay
Transporter proteins are found all throughout cell membranes, which catalyze the transport of ions, neurotransmitters, amino acids, and other solutes across the lipid bilayer. It is important to study transporters because transporter dysfunction is associated with several diseases and as a result therapeutic and deleterious drugs target transporters [121] [122] [123] . A key method used to study transporters is radioligand-binding assays and these assays frequently use protein from intact membranes or protein that is detergent solubilized [124] . Unfortunately, other membrane proteins interfere with analysis of transporters in intact membranes [125, 126] . Additionally, detergent micelles do not adequately mimic cellular membranes for these types of studies for reasons mentioned within this review and in other studies [127] . The ND is the ideal system to eliminate these concerns and the Singh group recently combined nanodiscs with a radioligandbinding assay known as the SPA to study the membrane transporter LeuT.
The SPA is a robust radioligand-binding assay that has previously been used to study membrane and detergent-solubilized proteins [128] [129] [130] . In this assay scintillant-incorporated beads emit light when bound to a radioligand or bound to a protein that then binds a radioligand [124] . When using nanodiscs to analyze membrane proteins via SPA the protein is incorporated into nanodiscs and then the entire complex is immobilized on the bead [124] . The beads are then incubated with ligand and if a ligand binds the protein it is close enough to stimulate the scillant and generates a fluorescent signal that can be measured while a nonbinding radio-ligand would generate no such signal [124] . The strength of the fluorescence is directly proportional to the strength of the binding interaction [124, 131] .
The protein analyzed by SPA, LeuT, is a robustly studied, structurally stable nonpolar amino acid transporter [131] . Previous literature has found that Leucine binds to LeuT 10-100 fold tighter than Alanine [131, 132] . The Singh group incubated scillant bead-bound LeuT nanodiscs and scillant bead-bound empty ND controls with varying concentrations of radiolabeled Ala and Leu. These experiments found LeuT's Leu K d to be 23.4 nM which is similar to detergent-solubilized LeuT [124] . However, LeuT bound to Ala with a K d of 1620 nM 1.5 times greater than the detergent-solubilized LeuT [124] . This result points to the ability of the ND lipids to increase protein activity in comparison to detergent-solubilized systems.
This study paves the way for numerous future works by confirming that the SPA can be adjusted to feature nanodiscs. Membrane protein nanodiscs could start being used in SPA drug binding studies. Perhaps the most intriguing future use of this technology would be to vary the lipid composition of the nanodiscs. Studying LeuT in nanodiscs found that ND lipids improved binding and it is known that lipid composition and cholesterol concentration influence membrane protein activity [133] [134] [135] . Therefore, it is reasonable to believe that since SPA assay is sensitive enough to detect increased affinity due to lipids, the assay could discern the differences in binding caused by varying ND lipid composition.
Electron microscopy
There are a multitude of EM techniques used to study proteins and determine information regarding 3D structure. Nanodiscs have enabled the use of both negative staining (2D) and cryo-electron (3D) microscopy to obtain more accurate information regarding membrane protein structures. For example, HernandezRocamora et al. have improved their understanding of the cell division protein ZipA (ZipA)-FtsZ complex by using 2D EM. The ZipA-FtsZ complex is essential for cell division in E. coli cells because it helps to form the bacterial division ring complex [136] . A previous study discovered that ZipA's transmembrane region is irreplaceable and necessary for biological function [137] . Therefore, the ZipA-FtsZ complex and other ZipA interactions should be probed using unmodified protein in a physiological membrane-mimicking environment. Hence, nanodiscs were used to analyze ZipAFtsZ by FCS and dynamic light scattering (DLS) [138] . Another study incorporated ZipA into nanodiscs constructed with E. coli lipid extract and analyzed by negative staining EM [136] . This microscopy observed ZipA-ND in a small complex conformation measuring 10-11 nm in diameter and a large conformation measuring 12-13 nm in diameter [136] . This is different from the FCS and DLS experiments that identified only one species [138] . However, FCS and DLS cannot resolve differences between species of such similar sizes, and as such illustrates the importance of using many different techniques when trying to elucidate properties of membrane proteins. Furthermore, ZipA-ND were observed binding to antibodies and to FtsZ [136] . The results of this study demonstrate that negative staining ND EM is a valid means of observing this protein complex. Additionally, negative staining EM was recently used to analyze cyclooxygenase-2 as well as the anthrax-protective antigen, both of which were incorporated into nanodiscs [139, 140] . Another protein that was recently analyzed by negative staining EM using nanodiscs was 5-lipoxygenase (5LO) [141] . Negative staining EM and titrations determined that the binding of monomeric 5LO to nanodiscs was upregulated by calcium. This finding was expected because calcium causes 5LO to bind to the nuclear membrane [141] . Dimeric 5LO was analyzed as well and it was determined that dimeric 5LO is inactive and does not bind nanodiscs [141] .
As previously mentioned, the anthrax-protecting antigen (APA) was analyzed by negative staining EM, although the staining procedure caused some shrinkage of the protein's outer envelope [139, 142] . In order to observe a more realistic envelope and therefore obtain better insight regarding APA structure, APA-ND were analyzed by cryo-EM [142] . Using this method, Gogol et al. [142] was able to elucidate information regarding differences in APA structure upon binding to its ligand, the N-terminal domain of Anthrax Lethal Factor (NTALF). The model created from the data obtained by this method had an improved correlation score over the negative staining EM model [142] . Additionally, cryo-electron microsopy studies benefit significantly from using nanodiscs because the nanodiscs have a high contrast shape when viewed edgewise, which enables high-resolution analysis [142] [143] [144] [145] . In addition, Frauenfeld et al. [146] have analyzed how the SecYEG translocon complexes with ribosome. This study observed rRNA directly interacting with ND lipids in the vicinity of the lateral gate and was able to create a model of a signal-anchor gated SecYEG translocon [146] .
Both microscopy techniques have also been used to study platelet aIIbb3 receptor. This integrin receptor is essential for normal hemostasis and is a target for heart attack treatment and prevention due to its role in thrombosis [147, 148] . This protein has been robustly studied using multiple techniques such as cryo-EM, small-angle neutron scattering (SANS), and SAXS experiments performed on detergent-solubilized aIIbb3. These studies disagree on the orientation of the receptor's ectodomain (specifically the head region) in relation to the transmembrane domain [149] [150] [151] . Analyzing aIIbb3-ND by negative staining and cryo-EM determined that the protein's head faces up [152] . This is in agreement with the cryo-EM results of detergent-solubilized aIIbb3 [149] . Although the SANS experiments on detergent-solubilized aIIbb3 observe a downward facing head, the reconstruction created from the aIIbb3-ND EM data actually fit the shape generated by the SANS model better than a head down crystal structure [152] . This is one example of EM being combined with nanodiscs to resolve ambiguity created when studying detergent-solubilized proteins that can exhibit an altered conformation. Another investigation focusing on vacuolar H + ATPase (V-ATPase) used negatively stained EM images of V-ATPase nanodiscs to build a 3D model of the complex. Due to a lack of distinguishing features within the complex, calmodulin was added to the final nanodiscs to bind a peptide on subunit a of the complex and add asymmetry to the complex-thus enabling the construction of a 3D model.
Cryo-EM and nanodiscs have also been combined to analyze SNAP-SNARE assembly [153] . SNARE complexes are theorized to be the minimal machinery necessary for membrane fusion [154] . After membrane fusion, the SNARE complex is bound by a soluble Nethylmaleimide-sensitive factor (NSF) attachment proteins (a-SNAPs) and NSF and this binding causes SNARE complex disassembly [153] . Prior to disassembly the complex is known as the 20S complex. 20S complexes were inserted into nanodiscs and analyzed by cryo-EM which determined that four a-SNAPS bind around a left-handed SNARE helical bundle and a chock formed by conserved regions of each a SNAP protrudes into the groove of the SNARE bundle [153] . Zhou et al. obtained new insights on the mechanism of SNARE complex disassembly from this cryo-EM data and a reconstruction of the 20S complex is shown in Fig. 4A .
Cryo-EM has also been used by Gao et al. [155] to determine the structure of transient receptor potential cation channel subfamily V member 1 (TRPV1) in nanodiscs, as well as the location of annular and regulatory lipids. Structures were obtained for agonistbound, antagonist-bound, and unbound TRPV1, with improved resolution in previously unresolved cytoplasmic domains. By trapping TRPV1 in an open state using resiniferatoxin (RTX) and double-knot toxin (DkTx), Gao et al. [155] were then able to determine the location of protein-lipid interactions with respect to the lipid bilayer, and showed that phosphatidylinositides act as stabilizing cofactors for resting TRPV1 and as competitive antagonists against vanilloids.
Small-angle X-ray scattering:
Nanodiscs have been recognized for better preserving protein functionality upon solubilization into an aqueous environment over more traditional molecular tools, such as detergent and liposomes [156] . Preservation of the native protein's functionality and structure has opened the door for Knyde et al. to perform solution studies of proteins reconstituted in ND bilayers. One such methodology that groups have employed to perform solution studies on empty nanodiscs or nanodiscs with target membrane protein incorporated, is solution-based small-angle X-ray scattering (SAXS).
Studies that make use of SAXS to investigate nanodiscs allows for the gathering of structural information about the protein in its near-native conformational state in aqueous solution. Additionally, this technique has shown promising results in studies investigating molecular-level protein-lipid interactions in ND-solubilized systems [30] . Notably, nanodiscs serve as a preferred solubilization method for SAXS studies on membrane proteins due to their highly homogeneous structure [157] . A high degree of homogeneity of ND enables resolution of membrane protein structures in ND with higher resolution as compared to other solubilization techniques [30] . Despite an advantageous higher resolution over other methodologies, SAXS studies containing nanodiscs incorporated with target membrane protein have not been extensively conducted. After surveying the literature, one will find that only BR, cytochrome P450 3A4 (CYP3A4), and (1, 3)-b-d-glucan (curdlan) synthase have been reconstituted in nanodiscs and analyzed by small-angle X-ray scattering [30, [158] [159] [160] .
Kynde et al. made use of SAXS to study the structure of BR solubilized in POPC/POPG nanodiscs [30] . Within their study, it was found that BR was not centered within the ND, but was actually laterally displaced closer to the edge of the MSP-lipid junction [30] . Furthermore, the structural study revealed that BR possessed a minor tilt with respect to the phospholipid bilayer [30] . The group had also investigated the structural properties of nanodiscs, including both the lipid and protein components, and found through experimentation utilizing SAXS that the bilayer of the BR ND had a lesser thickness than empty nanodiscs [30] (Fig. 4B) .
In addition to nanodiscs incorporated with target protein, empty nanodiscs have also been extensively analyzed by small-angle X-ray scattering studies to obtain a greater understanding of their structural properties. Shih et al. [161] combined SAXS and coarse-grained MD simulations to examine the disassembly of nanodiscs upon adding high concentrations of sodium cholate. This study gained insight on the molecular movements occurring during spontaneous ND assembly. Moreover, Sligar and coworkers have implemented SAXS methodologies in multiple works, studying empty nanodiscs, furthering the literature understanding on the intrinsic structural properties of nanodiscs. In 2005, they used SAXS to quantitate lateral thermal expansion of empty nanodiscs undergoing lipid phase transitions and observed a behavior similar to nanodiscs subjected to protein incorporation; the nanodiscs decreased in thickness upon thermal increase [30, 162] . Later, another SAXS study was accomplished on empty nanodiscs by Skar-Gislinge et al. [157] that revealed the lipid packing within nanodiscs to induce an elliptical shape. Their reporting had matched the twisted-belt model previously theorized by Thomas et al. in 2008 [163] . Predating both studies, SAXS technology had been used by Denisov et al. [10] who constructed nanodiscs sized 9.5-12.8 nm in diameter and showed that it is the length of the MSP that determines the diameter of a ND.
Nanodisc used for advancing nanotechnology
Nanoplasmonic biosensing
Several research groups have combined ND technology with nanotechnology. One example is combining the ND technology with plasmonics for nanoplasmonic biosensing. The plasmophore is a theory that fluorophores, when excited by incident light, can interact with nearby metals to create plasmons [164] . This plasmon can then radiate at an observable emission that retains the fluorophore's emission spectrum and this is known as a plasmophore [164] [165] [166] . A study conducted by Zhu et al. [166] , combined the unique properties of nanodiscs and quantum dots (QDs) to analyze fluorescence and ultimately bring validation to the plasmophore concept. Their study created gold elliptical nanodiscs (AuND) by combining three-beam interference lithography with electron beam deposition of gold. QDs emit light at specific wavelengths and an antenna molecule can enhance the observed fluorescence. Within this experiment, the AuND acts as an antenna molecule and are fluoresced by the light that emits from the QDs [166] . When the AuNDs were brought in close proximity to the QDs, the emission polarization transformed from the QD spectra into the antenna spectra, but the rate enhancement appeared to be polarization independent [166] .
As demonstrated by Plucinski et al. [167] , nanodiscs have been used to stabilize cytochrome P450s, a superfamily of heme-containing isozymes, which are heavily involved in drug metabolism, on plasmonic surfaces. The stabilizing effects of the ND maintain protein functionality while on the metallic surface used for nanoplasmonic substrate-binding assays. The group utilized a gold nanoplasmonic Lycurgus cup array sensor (nanoLCA) to detect the binding of small molecules to CYP2J2 [167] . The nanoLCA biosensor functions by taking advantage of the properties of both localized surface plasmon resonance (LSPR) and surface plasmon polariton-Bloch wave (SPP-BW) to measure spectral changes that are indicative of a drugbinding event [167] . The nanoLCA biosensor, in conjunction with a protein of interest that is both immobilized and stabilized by ND technology, allows for a viable methodology of performing high-throughput surface-based drug screenings [167] .
Lipoprotein nanoplatelets
Nanoplatelets are semiconductive anisotropic nanocrystals with well-defined thicknesses residing at the atomic level [168] . Current syntheses of NPLs allows for them to be synthesized as planar sheets with widths of only 1.2-2.8-nm thick [168, 169] . The precisely defined dimensions of NPLs are important because even minuscule alterations in shape will greatly affect the optical properties of the nanoparticle [168] . NPLs possess a multitude of unique physical and electrical properties, but most notable for investigators within the life sciences is a fluorescence emission that remains stable across an extensive spectrum of wavelengths, a light collecting efficiency that is even greater than GFP, and an emission bandwidth that is narrower than both QDs and organic fluorophores [170] . As such, NPLs present themselves as a probable tool for investigators wishing to conduct single-molecule imaging or optical cellular tagging studies [170] . However, for NPLs to be implemented within in vivo studies, they must undergo a phase transfer from the organic solvents used within syntheses to a biocompatible, aqueous buffer. Historically, the problem of stabilizing the NPLs during the phase transfer remained as a persistent complication, but ND technology provides a probable solution. In a recently conducted study, researchers from Das Lab in collaboration with Smith et al. [170] encapsulated NPLs within the lipoprotein of nanodiscs to construct L-NPLs. By use of an evaporation-encapsulation methodology outlined by the authors, they were able to successfully create L-NPLs through utilizing the ND components: MSPs, phospholipids, and detergents [170] . The lipoprotein-encapsulated NPLs that emerge are now biocompatible and can be used in aqueous media. The authors proceeded to characterize the L-NPLs by using a number of analytical techniques, namely through spectral analysis and transmission EM. They determined there to be an average of 7.7 MSPs per NPL and that the MSPs form as two rings, adsorbing around the edges of the top and bottom planar surfaces of the rectangular-shaped NPLs [170] . Additionally, they postulated that the lipids from the lipoprotein mask the planar surfaces of the NPL that are not encapsulated by MSP [170] .
As indicated by this study, ND technology presents a viable technique for solubilizing and stabilizing NPLs in aqueous buffers. The authors showed that the L-NPLs were stable in their aqueous environment even a month after the removal of detergent and empty nanodiscs from solution [170] . Moreover, the authors note a number of future applications for NPLs coupled with ND technology. The L-NPLs can be utilized as a probe for single-molecule imaging studies as well as the potential for L-NPLs to serve as fluorescent cellular labels [170] . These suggestions are supported by their evidence of single-particle fluorescence data which shows that L-NPLs have significantly rapid uptake into cells, which the authors claim can be attributed to both the large surface area and low curvature of the L-NPLs [170] .
Sortase-mediated labeling of nanodiscs
A protocol was recently developed by Petrache et al. [171] to use Sortase A as a means of labeling ND MSP with a fluorescent fluorescin-desipeptide. These labeled nanodiscs were then incubated with HeLA cells and were able to be observed inside the cells [171] . Importantly, this group's protocol consisted of a 'retrofit approach' which allows the MSP modification to be applied to preformed nanodiscs. This approach is significant and may be applied to any number of applications that require the labeling of preformed nanodiscs.
Conclusion and improvement of nanodisc technology for future studies of membrane proteins
There has been rapid progress in the past 5 years in expanding the use of ND technology for membrane protein studies using various biophysical and nanotechnological tools. Despite the rapid progress there is still prospect to improve this technology for membrane protein study. For instance, the ND technology uses inclusion of exogenous lipids. While external lipids have proven to be excellent for the stabilization of proteins, they still do not resemble the native environment completely. From our section on proteinlipid interactions in nanodiscs, it is to be noted that for several different types of membrane proteins, there is requirement of specific lipids. Thus, progress needs to be made toward inclusion of native lipids in ND assembly. Moreover, this inclusion would assist in retaining the lipid-protein interactions that are key for protein functionality and activity. The diversity of the native phospholipids would create an environment different from the straight-chained aliphatic lipids typically used for ND assembly. Studies are in progress where nanodiscs with native lipids are being created to study protein structure and function.
Nanodiscs are homogenous in their lipid composition and this is in stark contrast to dynamic membranes where lipid compositions vary in the outer and inner leaflets. Furthermore, the presence of flippases and floppases result in the translocation of phospholipids in the membrane over time. It is known that the asymmetric lipid bilayers are important for the study of several membrane proteins. Currently it is difficult to maintain asymmetric lipid bilayers during assembly. Therefore, in future, template-based methods are needed to create asymmetric lipid bilayers in nanodiscs in order to evaluate the role of this parameter in membrane protein function.
The combination of ND technology with various biochemical technologies occludes the study of the section of the protein that is largely buried in the lipid bilayers. While the ND technology is very useful in studying interactions at the ends of the proteins, they completely shield the interactions along the length of the molecule that is buried within the ND lipids. This can be important in fluorescence studies, whereby the interactions at allosteric sites buried in the membrane region cannot be completely characterized using standard techniques.
While nanodiscs are a platform to study proteinprotein interactions, one big challenge is controlling the conformation of the proteins with respect to each other. Hence, the two different membrane proteins can adopt multiple conformations in the nanodiscs and there is no way to control the conformation of the two proteins in nanodiscs or to ensure that they form a productive complex. This challenge has been partially solved by using a DNA linker for the two interacting proteins and then cleaving the linker once the proteins are in nanodiscs, however, the yields are extremely low and the method requires detailed optimization and is not easy to adapt to other protein partners [26] . Therefore, more template-directed assembly methods need to be explored in order to control the conformation of the protein with respect to each other in nanodiscs.
The nanodiscs were created with the goal to facilitate functional studies of membrane proteins. Although nanodiscs have been used to perform structural studies of membrane protein with SAXS, NMR, and crystallography there are several limitations [2] . It is still challenging to solve crystal structures of membrane proteins in nanodiscs. However, with the recent advances in X-ray crystallography methods, this is becoming more feasible. Nikolaev et al. [172] have recently crystallized the membrane protein BR in nanodiscs by transferring it into the cubic phase and crystallizing in meso. They were able to obtain structures of BR in both MSP1 and MSP1E3D1 nanodiscs at resolutions of 1.8 and 2.0 A, respectively. For additional information regarding nanodiscs used in NMR studies of membrane proteins, two reviews by Puthenveetil et al. and Viegas et al. have been recently published [15, 173] .
The purpose of this review was to highlight the published technologies that have been recently combined with nanodiscs to study membrane proteins from 2012 to 2017. This review cites over 200 publications that utilize ND technology in this time period, and although we meticulously searched the literature to include as many works as possible, we acknowledge that not every paper that used ND technology has been included. For further understanding of the ND technology and alternative methods for lipid bilayer mimics for membrane protein study, we recommend referring to other recently published reviews on nanodiscs [6, 174] . 
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